Self-Organization of Embryonic Genetic Oscillators into Spatiotemporal Wave Patterns  by Tsiairis, Charisios D. & Aulehla, Alexander
Article
Self-Organization of Embryonic Genetic Oscillators
into Spatiotemporal Wave PatternsGraphical AbstractHighlightsd Genetic oscillators in presomitic mesoderm cells generate
periodic wave patterns
d A novel in vitro approach addresses the origin of
spatiotemporal wave patterns
d Periodic wave patterns emerge de novo upon self-
organization of coupled oscillators
d Collective synchronization occurs within ensembles of
coupled PSM oscillatorsTsiairis & Aulehla, 2016, Cell 164, 656–667
February 11, 2016 ª2016 The Authors
http://dx.doi.org/10.1016/j.cell.2016.01.028Authors
Charisios D. Tsiairis, Alexander Aulehla
Correspondence
aulehla@embl.de
In Brief
The wave patterns created by genetic
oscillators within cells of embryonic
presomitic mesoderm (PSM) form in a
self-organized manner. When cells are
randomized in vitro, the patterns
reemerge and the dynamics within each
emergent PSM depends on the
composition of the ensemble of coupled
oscillators, providing evidence for
system-level integration.
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In vertebrate embryos, somites, the precursor of
vertebrae, form from the presomitic mesoderm
(PSM), which is composed of cells displaying
signaling oscillations. Cellular oscillatory activity
leads to periodic wave patterns in the PSM. Here,
we address the origin of such complex wave pat-
terns. We employed an in vitro randomization and
real-time imaging strategy to probe for the ability of
cells to generate order from disorder. We found
that, after randomization, PSM cells self-organized
into several miniature emergent PSM structures
(ePSM). Our results show an ordered macroscopic
spatial arrangement of ePSM with evidence of an
intrinsic length scale. Furthermore, cells actively syn-
chronize oscillations in a Notch-signaling-dependent
manner, re-establishing wave-like patterns of gene
activity. We demonstrate that PSM cells self-orga-
nize by tuning oscillation dynamics in response to
surrounding cells, leading to collective synchroniza-
tion with an average frequency. These findings reveal
emergent properties within an ensemble of coupled
genetic oscillators.INTRODUCTION
A fundamental question in biology concerns the origin of ordered
patterns. One naturalistic answer that traces the ultimate cause
within the living system is self-organization. Self-organized sys-
tems achieve order through the properties and interactions of
their elements, without the requirement of external guidance.
Such systems are abundant at any level of the organization of
life (Camazine, 2003). An aggregate of mixed cells from Hydra
can self-organize to recreate the entire organism (Gierer et al.,
1972). At the organism level, populations of fireflies self-organize
and display synchronized flashing (Buck and Buck, 1966). In this
case, each animal is an oscillator that adjusts its own rhythm ac-
cording to the flashing of the neighbors, leading to a common
rhythm (Mirollo and Strogatz, 1990). Here, temporal self-organi-
zation emerges from the interactions of coupled oscillators.656 Cell 164, 656–667, February 11, 2016 ª2016 The AuthorsA genetic, coupled oscillator system functions during embryo
development within cells of the presomitic mesoderm (PSM),
from which the segmental elements of vertebrates, termed so-
mites, form (Palmeirim et al., 1997). These genetic oscillators
involve the periodic activation of several signaling pathways,
such as Notch, Fgf and Wnt, with oscillatory activity showing a
period matching the rate of somite formation, i.e., 2–3 hr in
mouse embryos (Deque´ant et al., 2006). Most remarkably, oscil-
lations lead to coherent spatiotemporal wave patterns that
sweep through the PSM from posterior to anterior (Aulehla
et al., 2008; Masamizu et al., 2006).
Despite several studies addressing the function of spatiotem-
poral wave patterns (Lauschke et al., 2013; Oginuma et al., 2010;
Stauber et al., 2009), it is unclear how these coherent spatiotem-
poral wave patterns originate and are established in the first
place.Molecularly, Notch signaling has been shown to be essen-
tial to maintain synchrony between PSM cells, as oscillations
drift out of synchrony in both mouse and fish embryos if Notch
signaling is disrupted (Delaune et al., 2012; Jiang et al., 2000;
Okubo et al., 2012). At the same time, previous experiments
have indicated that wave patterns persist largely unperturbed
even when the PSM is disrupted or cut into many isolated
PSM fragments (Maroto et al., 2005). Combined, these dynamics
are therefore commonly described as kinematic waves based on
autonomous oscillatory activities (Palmeirim et al., 1997), which
are further fine-tuned (via Notch signaling) by cell-cell communi-
cation (Herrgen et al., 2010; Horikawa et al., 2006; Masamizu
et al., 2006). However, as previous experiments employed
PSM in which coherent wave patterns were already present,
the role of cell coupling and the potential for self-organization
in establishing synchrony and coherent wave patterns remains
largely unaddressed.
In this work, we developed experimental approaches to
address the principles underlying collective synchronization
and the origin of spatiotemporal wave patterns in populations
of coupled genetic oscillators.
RESULTS
Randomized PSM Cell Populations Self-Organize in
Space and Time
We have previously shown that PSM cells can establish novel
coherent spatiotemporal activity patterns in a two-dimensionsal
(2D) cell culture context (Figure 1A) (Lauschke et al., 2013). Key
Figure 1. Randomly Mixed PSM Cells
GenerateSpatiotemporalPatterns inCulture
(A) Schematic representation of the experimental
design. A wave of gene activity sweeps the PSM
tissue from posterior to anterior. We established a
2D ex vivo primary-cell culture using a posterior
PSM slice (tail bud) of a single embryo. Over time,
gene activity waves sweep the entire quasi- mPSM
culture from the center to the periphery. In
contrast, for the randomization assay, the PSM of
several embryos (not shown) are dissociated to
single cells and these cells are used to generate
aggregates of randomly positioned cells. In this
system, waves appear from multiple foci.
(B–D) 2D ex vivo assay using intact tail bud explant
culture.
(B) Brightfield image of tail bud explant after22 hr
culture.
(C) Venus fluorescence driven from the lunatic
fringe promoter (LuVeLu) is recorded as a wave
pattern sweeping from the center to the periphery.
(D) Kymograph along the yellow arrow shown in (C)
displays the successive waves of LuVeLu reporter
activity in the 2D ex vivo assay.
(E–G) Randomization assay using dissociated and
re-aggregated PSM cells.
(E) Brightfield image of re-aggregated PSM cells
after 22 hr of culture.
(F) Periodic LuVeLu expression waves appear in
multiple foci within the culture.
(G) Kymograph along the yellow arrow in (F)
spanning two such foci reveals coherent spatio-
temporal oscillations patterns.
(H) The collective amplitude, as a measure of
synchronization within the cell population, is
rapidly increasing in control samples (blue line)
during randomization assay (± SD for each time
point, n = 3). When Notch inhibitor DAPT (2mM) is
applied (red line), the collective amplitude remains
low (± SD for each time point, n = 3), indicating lack
of synchronization between cells.
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structural and functional aspects of PSM patterning, including
spatiotemporal signaling activities, are recapitulated in the 2D
cell culture assay within a monolayer PSM (mPSM) (Figures
1B–1D). However, the question of de novo synchronization of
PSM cells could not be addressed in the 2D assay, as the start-
ing conditions preserve cell-cell contacts and hence tissue his-
tory. We therefore dissociated the PSM from several embryos
into single cells and used the randomized cell suspension to
generate dense cell re-aggregates. These were then cultured
on fibronectin-coated coverglass, enabling real-time imaging
and quantification of signaling activity using a dynamic Notch
signaling reporter, LuVeLu (Aulehla et al., 2008). As we used cells
from the entire PSM and from several embryos, this setup gener-
ated randomized starting conditions, in which all preexisting
pattern is lost. Cells encounter random neighbors in terms of
oscillation phase, oscillation frequency, and anterior-posterior
(A/P) PSM identity (Figure 1A).
We found that after 5–6 hr of culture, cells synchronized and ex-
hibited in-phaseoscillations inmultiple foci that formedwithineach
re-aggregate. In each of these foci, we identified waves of Notch-
signaling activity sweeping the field of cells from the center toward
their periphery (Figures 1E–1G). Every successive wave traveled
progressively smaller distances as the area swept by waves pro-
gressively shrank (Figure 1G). This is reminiscent of the behavior
seen in the 2D assay using intact PSM explants and results from
the lack of further tissue growth, while cells differentiate and stop
oscillations at its periphery (Figure 1D) (Lauschke et al., 2013).
Despite the similarities to the 2D ex vivo culture, in which a sin-
gle wave origin exists, we find that, in re-aggregates, four to five
distinct synchronized foci formed per dissociated PSM (Figures
1C and 1F). The analysis of foci distribution indicated their regu-
lar spatial arrangement. Neighboring foci were separated from
each other by a minimum distance of 100 mm (Figure S1), with
an average of 242 mm ± 70 mm (SD, n = 93). The distribution is
significantly different compared to a simulated random localiza-
tion of foci with similar density (Figure S1). These findings pro-
vide evidence for a regulated, self-organized foci patterning
process that operates with a characteristic length scale.
To address the molecular mechanism of how de novo syn-
chronization is controlled, we performed self-organization ex-
periments in the presence of DAPT, a chemical inhibitor of Notch
signaling (Morohashi et al., 2006). It has previously been reported
that ‘‘maintenance’’ of synchronization within the PSM requires
Notch signaling (Delaune et al., 2012; Jiang et al., 2000; Okubo
et al., 2012). We found that upon DAPT treatment, randomized
PSM cells indeed fail to synchronize, as indicated by quantifica-
tion of the collective amplitude (Figure 1H). Importantly, while no
synchrony was evident at the tissue level, single-cell quantifica-
tions revealed that, also in DAPT-treated samples, individual
cells maintained oscillatory activities, with their amplitude similar
to the untreated ones (Figure S2). Thus, de novo synchronization
depends on active Notch signaling, in agreement with previous
in vivo findings on the maintenance of synchronization.
Self-Organization of Randomized PSM Cells Generates
Miniature PSM Patterns
The wave patterns observed in synchronized foci appear similar
to those found in 2D ex vivo mPSM assays, despite significant658 Cell 164, 656–667, February 11, 2016 ª2016 The Authorssize differences (Figures 1C and 1F). To further analyze this sim-
ilarity at themolecular level, we examined the expression of PSM
markers within the foci. We found expression of T (brachyury), a
marker for posterior mesoderm and PSM (Yamaguchi et al.,
1999), to be highly expressed at the center of each newly formed
focus (Figures 2A and 2B). In addition, we found that nuclear
b-catenin levels, a hallmark of active Wnt signaling, showed a
graded distribution within each focus, peaking in the center
and decreasing toward its periphery (Figures 2C–2E). This is
reminiscent of a Wnt-signaling/b-catenin protein gradient found
in the PSM in vivo (Aulehla et al., 2008) and also within the ex vivo
mPSM (Lauschke et al., 2013). Finally, we found that over time,
Mesp2, a key regulator of somite formation (Saga et al., 1997),
was upregulated in the periphery of foci (Figures 2F and 2G), indi-
cating that once oscillatory activity ceases, the molecular pro-
gram of segment formation is initiated. Hence, self-organized
foci recapitulate spatiotemporal organization of in vivo PSM.
Combined, this molecular analysis indicates that foci represent
miniature PSM (that we term emerging PSM [ePSM]) that form
spontaneously upon randomization and re-aggregation.
A/P Differences within the Randomized Cell Population
Are Not Required to Initiate Self-Organization
To address further the mechanism underlying the emergence of
patterns after randomization, we analyzed to which extent cell
sorting based on the original PSM position contributes to self-
organization. It is known that, within the PSM, cell-adhesion
molecules show graded distribution from posterior to anterior
(Duband et al., 1987), which can drive cell sorting. Indeed, we
found that cells are sorted during culture of re-aggregated
PSM cells, with posterior and anterior PSM cells enriched at
the center and periphery of each self-organized focus, respec-
tively (Figures 3A–3C). Thus, when cells from the entire PSM
are used, self-organization is accompanied by cell sorting
according to their original axial position.
To address if this cell sorting according to A/P origin is
required for self-organization, we modified the experimental
setup and used only cells from the very posterior PSM/tail bud
for re-aggregation (Figure 3D). In this case, all cells used for
randomization originate from a very similar axial position with
minimum differences in A/P-dependent properties, including
adhesion. Strikingly, even in this modified experimental setup,
we find that oscillating foci appear and that their pattern and
spatial arrangement is unaltered compared to the experiments
when cells from the entire PSM were used (Figures 3E–3H).
Based on these findings, we conclude that, while cell sorting
occurs after re-aggregation if cells differ in A/P origin, this cell
sorting is per se not required to initiate synchronization, as
self-organization of PSM cells occurs even when re-aggregated
cells do not show A/P differences.
Self-Organization of PSM Cells into Oscillatory
Notch-Activity Wave Patterns
We next analyzed the temporal organization of PSM cells after
randomization. To this end, we quantified oscillatory gene activ-
ities in real-time experiments and found highly synchronized
oscillations within each focus (Figures 4A and 4B). Interestingly,
we found that different foci within a single re-aggregate were all
Figure 2. Synchronized Foci in Randomization Assay Resemble
Miniature, ePSM
(A) Multiple foci are visible after randomization and 22 hr of culture using the
LuVeLu reporter readout.
(B) In situ hybridization on the same sample shown in (A) reveals mRNA
expression of posterior PSM marker brachyury/T within the central region of
each focus.
(C–D) Foci (LuVeLu readout in C) show high b-catenin protein levels (D). Im-
munostaining for b-catenin (red) on sample shown in (C) and nuclei (blue)
labeled with DAPI.
(E) Quantification of nuclear b-catenin along the domain marked by a yellow
box in (D) reveals a nuclear concentration gradient spanning from the center to
the periphery of each focus.
(F) Mesp2-GFP mouse reporter line expression shows activation of Mesp2 in
the periphery of synchronized foci.
(G) Foci are identified using immunostaining for b-catenin for the same sample
shown in (F).highly synchronized (Figures 4A and 4B) and calculation of oscil-
lation phases in several foci showed that these were synchro-
nized in phase (Figure 4C).
In vivo, oscillation dynamics and synchronization are complex,
leading to signaling activity wave patterns that sweep through
the PSM in posterior to anterior direction. These wave patterns
are due to both frequency and phase gradients within the PSM
(Gomez et al., 2008; Oates et al., 2012). Hence, cells in the pos-
terior PSM oscillate faster than cells located in the more anterior
PSM. We analyzed if a frequency gradient is also found in self-
organized foci. To this end, we quantified frequencies in space
and time within ePSM and indeed found a frequency gradient
within oscillating foci, spanning from focus center to the periph-
ery (Figures 4D–4F).
To quantitatively compare the frequency gradient in ePSM to
that along the A/P axis of intact mouse PSM, we first directly
measured oscillation frequencies within intact mouse PSM and
also in 2D segmentation ex vivo assays using real-time imaging
(Figure S3). Thesemeasurements revealed that, indeed, a similar
(but not identical, see below) range of frequencies re-emerges in
ePSM and, hence, in drastically reduced spatial dimensions,
compared to the frequency gradient found in vivo (Figures 4E
and 4F). The frequency gradient in ePSM builds up over time
as cells in the periphery of each ePSM, but not in its center, pro-
gressively slow down oscillations (Figure 4G). This is again remi-
niscent of the dynamics that we quantified in vivo within the
anterior PSM or in the periphery of 2D ex vivo cultures (Figures
4G and S3). Accordingly, we found that, while at the center of
the ePSM foci, the period remained stable at around 150 min
during the culture, and while at a distance of 60–70 mm away
from the center, the period started from a similar value but pro-
gressively increased throughout the culture time (Figure 5G).
Importantly, we found that a frequency gradient is also estab-
lished when only very posterior tail bud cells with very similar
frequency are used for re-aggregation, confirming that the fre-
quency gradient emerges de novo during self-organization
(Figure S4). Combined, our findings show that the fundamental
dynamic properties of in vivo PSM are fully recapitulated in
ePSM and originate in a self-organized manner.
Collective Phase Results fromActive Synchronization of
PSM Cells
Real-time imaging showed that, before the frequency gradient is
established, cells within the ePSM first synchronously oscillate in
phase for several cycles. This in-phase rhythm is surprising given
that the cells represent a randomly distributed assembly of oscil-
lators with different initial phases (and frequencies, see below).
To address how in-phase synchronization is established and
how the collective phase is determined, we designed an exper-
imental approach that enables controlled input of phases. To
generate cell aggregates with defined phase distributions, it
was crucial to separate each individual genetic oscillator (i.e.,
the PSM cells) according to its phase (Figure 5A). We used fluo-
rescence-activated cell sorting (FACS) of PSM cells carrying the
LuVeLu reporter to sort cells based on peak or trough intensity
values (Figures 5A, 5B, and S5). Using intensity values as
approximation for the state of oscillation phase, the sorted pop-
ulations, i.e., peak and trough, differ in oscillation phase by half aCell 164, 656–667, February 11, 2016 ª2016 The Authors 659
Figure 3. Cell Sorting Takes Place during Spatial Self-Organization, but Initial A/P Differences Are Not Required within the Randomized Cell
Population
(A) Schematic of the experimental design. To assess cell sorting based on A/P origin of cells, thesewere labeled genetically with H2B-mCherry. Labeled cells from
posterior PSM are mixed with unlabeled anterior PSM cells, or vice versa. All cells are positive for the LuVeLu reporter. This enabled the assessment of the
distribution of anterior and posterior PSM cells in newly formed foci after self-organization.
(B) Posterior PSM cells labeled with H2B-mCherry. After 22 hr of culture, posterior cells are mostly present in the center of the foci.
(C) Anterior PSM cells labeled with H2B-mCherry. Anterior PSM cells are largely excluded from the centers of the foci.
(D) To address the requirement of sorting, only cells from a much-defined posterior PSM/tail bud identity were used for randomization. These cells share a very
similar A/P identity, while anterior PSM cells are missing.
(E) Brightfield view of randomization assay using only tail bud cells.
(F) LuVeLu readout reveals the formation of multiple oscillating foci after randomization of only tail bud cells (same sample shown in E).
(G) Kymograph along the yellow arrow (F) demonstrates coordinated oscillatory LuVeLu reporter activity.
(H) Spatial distance between foci is unaffected by using only posterior tail bud cells for randomization (distance between all PSM cells is 242 ± 70mm [± SD, n = 93]
versus distance between foci when only posterior tail bud cells are used, 221 ± 62mm [± SD, n = 49]).cycle, i.e.,p. These sorted cell populationswere used separately
in self-organization assays and the phase and frequency quanti-
fied using real-time imaging experiments.
Strikingly, sorted populations of either peak or trough intensity
values reached collective oscillations that occurred in anti-
phase, i.e., p-shifted, from each other (Figures 5C and 5D).
This indicates that cells retained phase information after dissoci-
ation and FACS sorting. This clearly excludes any global oscil-
lator resetting as an underlying cause for synchronization.
Rather, as cells are able to retain phase-memory even after
dissociation, it shows that active synchronization between
initially randomized genetic oscillators is required to achieve
complete in-phase oscillations.
More generally, this suggests that the collective, emerging
phase of coupled genetic oscillators reflects and depends on
the distribution of phases in the original mixture used to start
the experiment. This predicts that even physically separated
ePSM would exhibit an identical oscillation rhythm, as long as660 Cell 164, 656–667, February 11, 2016 ª2016 The Authorsthese ePSMare initiated from the same pool of randomized cells.
Indeed, we observed that cell aggregates generated from the
same cell mixture, but cultured in physical separation from
each other, showed foci that oscillated in synchrony (Figure 5E).
This demonstrates that the collective rhythm is specified by the
properties of the input cell population.
Collective Frequency Is Determined by Integration of All
Individual Frequencies
Establishing collective in-phase synchronization requires that
PSM cells oscillate with a common frequency. If this is not the
case, in-phase oscillations will progressively slip out of phase
(Pikovsky et al., 2003). However, at the time of randomization
and formation of cell aggregates, input cells not only differ in
oscillation phase, but also in respect to their frequency, as they
originate from distinct locations along the frequency gradient
within the PSM (Figures 5A and S3). The question then arises
of how a stable, collective frequency is determined. One
Figure 4. Synchronized Oscillations in ePSM and De Novo Formation of Frequency Gradients
(A) Oscillating ePSM after 22 hr of culture visualized using LuVeLu reporter expression.
(B and C) Intensity fluctuations (B) and oscillation phase calculations (C) at the center of the two ePSM shown in (A) demonstrate that foci oscillate in phase.
(D and E) Magnification of single ePSM (D) and Fourier transform to calculate oscillation periods for every spatial point within ePSM (E). The period values are
color-coded as indicated.
(F) Quantification of spatial period distribution in ePSM (E) reveals period gradient from center to the periphery (± SD, n=36 measurements per ePSM location).
(G) Temporal evolution of period in ePSM center (blue circle in D) compared to periphery (red circle in D). At the center of each ePSM, a stable period over time is
recorded (blue), while at the periphery of the focus, the period is increasing over time (red).possibility is that the collective frequency depends on the input
cell population in a similar way as has been found for phase syn-
chronization (Baker and Schnell, 2009; Kuramoto, 2003). Alter-
natively, if a pacemaker was present, it might enforce its pace
on other oscillators, hence, collective frequency would match
the frequency of the pacemaker (Pikovsky et al., 2003). To
address these distinct possibilities, we compared input and
emerging collective frequencies of re-aggregated PSM cells.
We exploited the possibility of controlling the distribution of fre-quencies in the population of input cells by using defined quan-
tities of cells from posterior (i.e., faster oscillators) or anterior
(i.e., slower oscillators) PSM. Using this strategy, we performed
titration experiments, in which the ratio between anterior and
posterior cells was systematically altered (Figure 6A). Since
we quantified the spatial distribution of oscillation periods
along the PSM in vivo (Figure S3) and the input cell population
was known for each titration experiment, we were able to
calculate the average period of the input population beforeCell 164, 656–667, February 11, 2016 ª2016 The Authors 661
Figure 5. Collective Phase after Randomization Results from Active
Synchronization of PSM Cells
(A) FACS sorting is used to separate high (yellow) from low (blue) LuVeLu-
expressing cells, approximating cells being close to peak or trough of oscil-
lations, respectively. These distinct cell populations collected from several
embryos are then used to initiate separate randomization assays.
(B) Scheme illustrating FACS sorting strategy. PSM cells with high LuVeLu
expression (corresponding oscillation phase indicated with the dashed box)
are separated from cells at trough LuVeLu expression (oscillation phase indi-
cated with solid box). These sorted populations differ by half oscillation cycle,
i.e., p rad.
(C) Oscillation phase representation of foci originating from sorted pools of
cells, i.e., either peak (foci 1–4) or trough cells (foci 5–8). Within sorted pools of
cells, we found in-phase synchronization within both groups, i.e., within peak
or trough pools. In contrast, between peak and trough pools, the corre-
sponding foci show oscillations that occur out of phase, i.e., with a phase shift
of p rad. This indicates that phase information is retained after dissociation.
(D) After quantification of phase difference between peak- and trough-sorted
cells during self-organization assay, the value remains very close top. The two
populations are oscillating in anti-phase.
(E) Using one randomized cell population (containing all phases, no FACS
sorting) to perform several separated randomization experiments simulta-
neously resulted in ePSM that are in-phase synchronized, and this also
occurred if assays were physically separated. Samples 1 and 2, samples 3 and
4, and sample 5 have been cultured in three different, physically separated
wells.
662 Cell 164, 656–667, February 11, 2016 ª2016 The Authorssynchronization and compare this to the collective period that
we measured experimentally after synchronization.
Our results clearly demonstrate that in all titration experi-
ments, cells synchronized and showed in phase, collective oscil-
lations (Figure 6B). By controlling the composition of input cells,
we were able to tune the collective period, which remained close
to the arithmetic average of the input periods during the titration
experiment (Figure 6C). Increasing the fraction of posterior cells,
i.e., adding faster oscillators, led to faster oscillations of the
entire, in-phase synchronized cell ensemble (Figures 6B and
6C). Hence, while the period of input cells ranged from 120–
180 min, a balanced mixture (i.e., 50% P/2 cells; see Figure 6)
showed a collective period of 150 min after synchronization.
These findings provide clear evidence of collective behavior,
and hence, we conclude that cellular oscillation dynamics reflect
the integration of the ensemble of oscillators.
Cell Tracking Demonstrates that PSM Cells Change
Their Oscillation Dynamics Depending on Surrounding
Cell Ensemble
The finding of a collective period after synchronization approxi-
mating the arithmetic average of periods in the ensemble of input
cells suggests that PSM cells adjust their oscillation dynamics,
i.e., either accelerate or slow down oscillations, in response to
and depending on the characteristics of their neighbors.
To directly test whether PSM cells change their oscillation dy-
namics as a function of surrounding cells, we tracked genetically
labeled anterior and posterior PSM cells and compared their pe-
riods before and after synchronization (Figure 7). Our real-time
quantifications demonstrated that, after re-aggregation, origi-
nally faster posterior PSM cells and slower anterior PSM cells
oscillate in synchrony and share a collective period (Figures 7D
and 7E), again matching the arithmetic average of input periods.
Importantly, while quantification of oscillations in posterior cells
Figure 6. Titration Experiments Show that the Collective Period in ePSM Depends on the Ensemble of Input Cells
(A) Schematic of the experimental design, building on the quantified period gradient along the A/P axis of the PSM. Fast-oscillating cells originating from the
posterior-half PSM (P/2, regionmarked with blue) are mixed at various ratios with slower oscillating cells from the anterior-half PSM (A/2, regionmarked with red).
In these titration experiments, cell ensembles consisting of 100%, 80%, 50%, and 20% P/2 cells are generated and the input periods are known.
(B) Phase kymographs of re-aggregation experiments using cell ensembles with different cell composition shown in (A). During the first hours of culture, os-
cillations occur synchronized in re-aggregated cells (quantified along 90 mm), independent of cell composition. Note, however, that the collective oscillation
period differs according to cell composition (quantified in C).
(C) Quantification of collective period after synchronization in cell ensembles containing 100%, 80%, 50%, and 20% P/2 cells. The measured periods of 141 ±
3min, 145 ± 4min, 152 ± 2min, and 155 ± 2min (±SEM, n > = 3), respectively, are in close agreement with the predicted value, based on the calculated arithmetic
mean of input periods (shown in red). Calculated values are 140 min, 143 min, 148 min, and 153 min, respectively.revealed that their oscillations slowed down, cell-tracking of
anterior PSM cells showed that they oscillate faster after syn-
chronization (Figure 7F). Combined, these findings demonstrate
that PSM cells tune their oscillation dynamics as a function of
surrounding PSM cells.
DISCUSSION
Here, we have presented evidence for self-organization of PSM
cells from disordered initial conditions. When PSM cells are
dissociated to single cells and re-aggregated randomly for
in vitro culture, coherent spatiotemporal wave patterns form denovo. Within each re-aggregate, wave patterns emerge in multi-
ple foci, which correspond to miniature PSM-structures and
which we therefore termed ePSM. The correspondence of
ePSM to the in vivo PSM pattern is evident at the level of spatial
gene and protein gradient expression patterns. In addition, the
dynamics of gene activity oscillations within ePSM match those
found in PSM in vivo. We found that cells acquire a collective fre-
quency that depends on the ensemble of cells in the re-aggre-
gate. Accordingly, we were able to tune the collective frequency
by performing titration experiments using defined input of fast
and slow oscillating cells. Crucially, cell-tracking shows that
PSM cells synchronize by accelerating or decelerating theirCell 164, 656–667, February 11, 2016 ª2016 The Authors 663
Figure 7. Tracking of PSM Cells Directly Demonstrates Tuning of Cellular Oscillation Dynamics during Synchronization
(A) Schematic of experimental design to track genetically labeled (i.e., H2B-mCherry positive) cells from the anterior half of the PSM (domain boxed in red embryo
labeled ‘‘A/2’’). Within the dissociated cell population used to initiate the experiment, labeled A/2 cells constitute only approximately one-eighth of all cells. The
remaining cells are unlabeled and were dissociated from the posterior end of the PSM (tail bud), an area boxed in the unlabeled embryo as ‘‘Tail bud’’). All cells
express LuVeLu-reporter, enabling quantification of oscillations. Using the H2B-mCherry label, cell tracking of anterior PSM cells during synchronization was
performed.
(B and C) Bright field (B) and fluorescent (C) image of randomized PSM cells after 500 min of culture, consisting of tail bud cells with small proportion (12%) of
labeled anterior PSM cells.
(D) LuVeLu reporter quantifications in labeled anterior PSM cells (red) and in tail bud cells (blue) reveal synchronized oscillations in both populations.
(E) Phase calculation confirms that after re-aggregation and synchronization, anterior PSM and tail bud cells oscillate synchronized in phase.
(F) Oscillation period in anterior PSM and tail bud cells before randomization differs significantly (period in anterior PSM cells, 156 min; period in tail bud cells
137 min; see also Figures 6 and S3). However, after synchronization, direct measurement of oscillation periods in both populations demonstrates that these
oscillate with a common collective period, measured for anterior cells to be 144.4 ± 3.5 min and for tail bud cells to be 142.2 ± 2.4 min (± SD, n = 6). Syn-
chronization is achieved by slowing down of the tail bud cells and acceleration of the anterior PSM cells’ oscillations. The new collective period reflects the
average of all input oscillation periods.oscillations, depending on the surrounding cells. This provides
evidence that oscillation dynamics reflect integration at the sys-
tem level, i.e., the cell ensemble feeds back on the lower level
unit, the individual PSM cells.
While spatial self-organization is accompanied by cell sorting,
we provide evidence that initial differences in A/P axial levels,
and hence, adhesion properties (Duband et al., 1987), are per
se not required to initiate self-organization (Figure 3). In addition,664 Cell 164, 656–667, February 11, 2016 ª2016 The Authorswe demonstrate that synchronization of PSM cells involves the
tuning of individual cell frequencies to reach a common rhythm
(Figures 5–7), a finding that cannot be explained by cell sorting
alone.
Several findings regarding the spatial self-organization of
ePSM are remarkable. Cells with graded levels of adhesion mol-
ecules are known to sort themselves within aggregates (Foty and
Steinberg, 2005), with apparent similarity to the separation of
immiscible fluids (Beysens et al., 2000). In these cases, cells with
a common property end up together in one cluster (Townes and
Holtfreter, 1955). In contrast, in each aggregate of PSM cells,
multiple clusters, i.e., synchronized foci, form. Furthermore, the
spatial distribution of these foci displays a regularity, which is
invariant upon several experimental manipulations, such as a
change in input cell population (Figure 3) or perturbation of Notch
signaling (Figure S6). Upon Notch-signaling inhibition, cells
continue to oscillate without obtaining synchrony, yet, the dis-
tance between foci is unaffected compared to control experi-
ments. The robust, macroscopic spatial arrangement of foci
indicates the existence of an intrinsic length scale, commonly
found in reaction-diffusion patterning systems (Gierer and Mein-
hardt, 1972; Turing, 1952).
Self-organization is not only reflected at the level of formation
of ePSM and their spatial arrangement, but alsomanifests prom-
inently at the level of temporal coherent oscillatory patterns. How
do collective synchronization and oscillation foci emerge? One
possibility is the existence of a limited number of specialized
cells, i.e., pacemaker cells, which could serve as seeds for syn-
chronization and foci formation. Such pacemaker cells could
originate from the posterior PSM,where cells show highest oscil-
lation frequencies. In addition, the posterior PSM contains long-
term progenitors, which show stem cell properties (i.e., ‘‘axial
stem cells’’) (Cambray and Wilson, 2002, 2007). Indeed, we do
observe that cells from the posterior PSM preferentially end up
in foci centers, while anterior PSM cells populate the periphery
of ePSM. However, several of our results indicate that such a
scenario, in which pacemaker cells guide synchronization,
does not apply. First, we find that foci are not formed randomly
in space, which would be expected by randomized location of
pacemaker cells (Figure S1). Second, the number of foci did
not increase when only cells from the posterior PSM are used
for re-aggregation, whichwould increase the number of potential
pacemaker cells within the cell aggregate (Figure S7). Finally,
we found that the collective frequency after synchronization
corresponds to the arithmetic average of the input oscillator
frequencies, rather than matching the highest frequency of po-
tential pacemaker cells from the posterior PSM (Figure 6). Com-
bined, these findings argue for system-level regulation of ePSM
formation and demonstrate that a dependence on pacemaker
cells is not evident.
Collective synchronization of PSM cells reveals that the
ensemble of genetic PSM oscillators exhibits fundamental
characteristics of weakly coupled, phase-oscillator networks
(Kuramoto, 2003; Pikovsky et al., 2003). Building on the Kura-
moto (2003) model for oscillators coupled via the mean-field,
several models have been proposed to account for the
observed signaling dynamics during somite segmentation
(Baker and Schnell, 2009; Morelli et al., 2009; Murray et al.,
2013; Riedel-Kruse et al., 2007). Predictions based on these
models were successfully validated at the level of morpholog-
ical somite formation (Herrgen et al., 2010; Oates et al.,
2012). However, direct evidence for collective synchronization
as proposed in the Kuramoto (2003) model, at the level of mo-
lecular oscillations, has not been achieved so far with PSM
cells. Here, we provide, to the best of our knowledge, the
first direct, quantitative, and dynamic data showing that PSMcells exhibit collective synchronization and reach an average
frequency, as predicted in models for coupled phase oscilla-
tors. Future work will build on this experimental system and
will decipher the details of the underlying phase-coupling
mechanism, including the influence of coupling delays (Morelli
et al., 2009).
More generally, while the oscillations seen in our system
reflect feedback loops at the level of gene expression regulation
and involve a plethora of molecular species and reactions (Hir-
ata et al., 2002; Lewis, 2003), their behavior during synchroniza-
tion can fundamentally be compared to other examples of
collective synchronization, from the coordinated hand clapping
of excited human audiences (Ne´da et al., 2000) to the synchro-
nization of circadian pacemaker cells (Liu et al., 1997), glycolytic
oscillations in yeast populations (Weber et al., 2012), and peri-
odically flashing fireflies (Mirollo and Strogatz, 1990). At the
same time, the findings of emerging target-wave patterns and
an intrinsic length scale underlying the spatial ePSM distribution
reveal similarities to excitable media, such as the well-charac-
terized Belousov-Zhabotinsky (BZ) chemical reaction (Ross
et al., 1988; Tinsley et al., 2009; Zaikin and Zhabotinsky, 1970)
and Dictyostelium discoideum aggregation waves (Ho¨fer et al.,
1995; Sawai et al., 2007). The system of coupled PSM oscilla-
tors therefore exhibits features of several classes of self-orga-
nizing systems, such as excitable media and coupled oscillator
networks (Do¨rfler et al., 2013; Goldbeter, 1997; Kuramoto,
2003).
Our results also have implications for the study of signaling
dynamics during in vivo embryonic mesoderm development.
Signaling dynamics in the PSM generate periodic gene activity
waves that are commonly considered to be kinematic in nature
(Palmeirim et al., 1997). In this view, kinematic waves reflect
the activity of autonomous cellular oscillators and the presence
of a spatial frequency gradient (Ross et al., 1988) and, accord-
ingly, do not require any cell-cell communication. Indeed, exper-
imental evidence indicated that physical separation of PSM into
tissue fragments does not disrupt wave patterns (Lauschke
et al., 2013; Maroto et al., 2005; Masamizu et al., 2006) and
that isolated single cells exhibit oscillatory activities (Masamizu
et al., 2006). However, we show that wave patterns and fre-
quency gradients form de novo in a self-organized manner,
which is incompatible with a purely kinematic wave model.
Hence, these wave patterns fundamentally represent a higher-
order phenomenon and are based on the integration of oscillator
properties within the cell ensemble.
In vivo, the potential for self-organization could be particularly
relevant as the first coherent wave patterns emerge when meso-
derm is formed during gastrulation. It is conceivable that
signaling cues, environmental context, and spatial boundary
conditions further restrain self-organization potential in vivo,
providing biases that ensure robust outcomes of intrinsically sto-
chastic, self-organized pattern formation. Future studies will
need to address these specific aspects of self-organization dur-
ing the early stages of development and, hence, at the onset of
wave patterns in vivo.
In summary, our findings provide a tractable, genetic example
for self-organization, collective synchronization, and more
generally, for the formation of order from disorder.Cell 164, 656–667, February 11, 2016 ª2016 The Authors 665
EXPERIMENTAL PROCEDURES
Embryo PSM Culture and Randomization Assays
Embryo PSM culture and 2D ex vivo assays were performed as previously
described (Aulehla et al., 2008; Lauschke et al., 2013). For randomization
assays, entire PSM were isolated and pooled in groups of six. Pooled PSM
were gently pipetted to achieve mechanical dissociation of cells. The cells
were then filtered through a 10 mmfilter (ParTec). In order to obtain randomized
PSM cell populations, dissociated cells were centrifuged at 400 rcf for 4 min,
and hereby, a cell pellet was formed. Subsequently, this cell pellet was cut in
four to five smaller pieces that were plated on fibronectin-coated slides con-
taining culture medium (Lauschke et al., 2013). They were cultured up to
24 hr at 37C and 5% CO2. Details on mouse reporter lines are described in
Supplementary Experimental Procedures. Animals are housed in the Euro-
pean Molecular Biology Laboratory (EMBL) animal facilities under veterinarian
supervision and the guidelines of the European Commission, revised directive
2010/63/EU, and AVMA guidelines 2007.
In Situ Hybridization and Immunofluorescence
In situ hybridization and immunofluorescence on cultured re-aggregated PSM
cells was performed as previously described (Aulehla et al., 2008; Lauschke
et al., 2013). To quantify nuclear b-catenin levels, nuclei stained with DAPI
were segmented using Fiji.
Imaging and Image Processing
Imaging and processing of the data were performed as previously described
(Lauschke et al., 2013). Kymographs were generated along the indicated lines
using Fiji software. Instantaneous oscillation phases were calculated using the
Hilbert transform (Pikovsky et al., 2003).
Quantifications
The distance between neighboring foci wasmeasured using Fiji after their cen-
ters were manually marked.
To quantify oscillations, regions of interest (ROIs) were defined in regions
within the samples and the signal was processed using Fiji as described
(Lauschke et al., 2013). The extracted phase of the oscillations was used to
calculate the instantaneous period and amplitude of the signal. Fourier trans-
form on the signal was performed with MATLAB.
To quantify the period gradient along the A/P axis of cultured tails, Fourier
transform was performed using real-time LuVeLu imaging quantifications
along the entire PSM. Segmentation of H2B-mCherry positive cells was
done in Fiji and allowed quantification of LuVeLu oscillations in defined
mCherry positive or negative cell populations, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2016.01.028.
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